proposed that there are as many as 150 terrestrial plumes, and Wilson and Blurke [1973] classified plumes into several categories. We wish to take a conservative stance regarding the plume hypothesis, and we introduce the term 'melting anomaly' in its place to emphasize that unusual volcanic activity may ensue from a variety of processes. We also wish to encourage the idea that individual melting anomalies may arise from different dynamic situations. Indeed, considerable attention has been given to other We plan to extend the mechanism proposed by Shaw [1973] for the origin of the Hawaiian melting anomaly. Shaw proposed that the zone in which plate motion is decoupled from the deeper mantle contains variable gradients of horizontal flow velocities that depend intrinsically on the distribution of a variable melt fraction. The existence of episodic variations in 8634 
volcanic propagation speeds and volume rates are taken as prima facie evidence of variations in horizontal flow velocities beneath the lithosphere, dependent only on the one assumption that magma production is at least partly controlled by the mechanics of mantle flow. Shaw [1973] showed that systematic functional relationships exist between distance of volcanic propagation, volumes of lava extruded, and time and that these relationships are interrelated by feedback processes, applying the phrase conceptually in a manner analogous to the ideas of 'systems analysis' [Forrester, 19(}8] . The principal feedback loop discussed relative to magma production was the relationship between horizontal shear stresses, shear rates, and apparent viscosity as a function of melt fraction, as was proposed by Shaw [19(}9] following the analytic results of Grunt)•est [19(}3] . However, other types of feedback were pointed out in Shaw [1973] , and we add yet another in the present paper. Some general consequences of the thermal feedback model are: (1) melting anomalies of the Hawaiian type are interpreted as mechanical anomalies rather than anomalies of terrestria! heat flow; (2) the asthenosphere is defined kinematically and dynamically by the three-dimensional distribution of flow trajectories influenced by the rates of production and withdrawal of a melt fraction; (3) the thickness of the dynamic asthenosphere varies episodically with rates of melting; (4) horizontal flow velocities in the vicinities of asthenosphere melting anomalies accelerate and decelerate relative to more or less steady velocities of plate motion and mantle counterflow; and (5) the direction of propagation of the geometric center of a melting anomaly relative to the deep mantle tends to be governed by the sign of the vector sum of lithosphere translation and asthenosphere flow, so that a fixed melting spot could in principle be produced by locally symmetrical counterflow.
Data given by Jackson and Wright [1970-] suggested that the lithosphere beneath Hawaii behaves elastically to depths of about 60 km and that the source region for thoieiitic basalt probably extends to depths of about 100 kin. Shaw [1973] chains are not maintained by hot spots or thermal plumes but rather are stabilized by gravitational anchors. We propose to examine the effect of 'downwelling' below these melting anomalies and its relationship to global kinematics. We propose the following sequence of events during a melting episode: (1) a melt fraction in the asthenosphere builds up sufficiently to satisfy criteria of extensional failure of the lithosphere; (2) the magma is injected into the lithosphere; intrusion and, commonly, extrusion proceed as a consequence of the uncompensated hydraulic head produced by density contrasts between rock and magma columns; (3) depletion of the melt fraction in the asthenospherc increases the degree of shear coupling between the lithosphere and deeper mantle; (4) shear stresses build up to higher values than the average for steady plate motion because of a tendency to lock the lithosphereasthenosphere flow boundary at points of melt depletion; (5) the dense residuum formed in this depleted zone during melting begins to sink through underlying source materials; (6) new, partially fractionated, material adjacent to the depleted zone flows in to compensate the volume deficiency produced by the sinking material; (7) shear melting begins to increase in the new material because of anomalous stresses produced by tendencies to retard motions of both lithosphere and asthenosphere near the site of previous melting, relative to the general motions of the entire Pacific plate and underlying mantle; (8) melting rates accelerate in the upper part of the asthenosphere; (9)the new range at positions ahead of and behind the asthenosphere partially melts to tholeiitic liquids throttling point (again we emphasize that diand produces refractory residua with relatively rections are defined according to asthenospheric high Fe/Mg ratios; (10) shear coupling of flow and volcanic propagation; that is, 'ahead' lithosphere and mantle rapidly fails, accom-refers to positions southeast of the Hawaiian panied by a stress drop that occurs just before and other ridge fronts that are kinematically repetition of step 1, in which (11) the liquid similar). Therefore incipient stages of partial fraction has again built up sufhcient pressure melting extend to greater depths behind the to satisfy criteria of extensional failure of the front of maximum tholeiitic melting, which is lithosphere. Tests of this model are found in approximately below the front of volcanic chemical and seismic data on density distribu-propagation, and these materials are carried tions in the mantle and it• data on regional up as the flow instability approaches the cultopographic, gravitational, and heat flow distri-minating stages of a melting episode [ Both the whole rock and olivine magnesiumiron ratios are consistent with the idea that these rocks form a range of source materials for the range of more magnesian dunire residua and the range of more ferroan tholeiitic melt products. In spite of the fact that all these garnet lherzolites contain 5-20% rather pyroperich garnet and that they contain more ironrich olivine than the dunites, the abundance of aluminous pyroxenes causes bulk density of the rocks to average 0.07 gcm -• less than that of the dunites.
The garnet lherzolite xenoliths, although suitable parental material for many major ele- Bradley [1965 Bradley [ , 1969 . He forces on cylinders and prolate spheroids trans-lated parallel to the axis of revolution. Generally speaking, the resistance force increases with the length, compared with that for a sphere of the same diameter, but the buoyancy force also increases and the sinking velocity of a rigid vertical cylinder would be greater than that of a sphere of the same diameter. In the case of a cylindrical density current, however, the velocity is mainly governed by the rate of supply of the suspension. If the radius and density contrast were constant, the velocity would increase as the length became greater, but this would require an increasing rate of supply to maintain constancy of density contrast and radius. Therefore, with a constant As mentioned in the appendix, section 2, the analyses by Morgan [1965] suggest that regions of horizontal convergence should be associated with negative free-air anomalies, other things being equal. Although the anchoring effect of the density current tends to lock aSSociated melting anomalies to the underlying mantle, some drift can probably occur as a consequence of accelerations of the melting wave in the asthenosphere by thermal feedback [Shaw, 1973] On present e:Vidence we find no conflict between our model and descriptions of volcanic llneaments such as the Hawaiian ridge as 'aseismic ridges' [Wilson, 1963] . As was discussed by Morgan [1965] , Weertman [1970] , and many others, the flow law at stress levels implied by the size and density contrast between the downgoing residuum and surrounding mantle is controlled by diffusive processes. A smooth variation of creep rates is to be expected, particularly since this material has been stripped of its low-melting and volatile constituents. Other transitions, such as olivine --> spinel, take place gradually over a range of pressures in multicomponent assemblages [Rihgwood, 1972] , so that sudden volume changes are not expected. However, we do not rule out the possibility that occasional seismic events could be associated with the proposed mechanism.
Plate motion in time. Because the gravitational anchor is decoupled from the lithosphere by the zone of asthenospheric melting, it has no substantial influence on plate motion (unless there were enough such melting anomalies to significantly infiuen.ce the average rate of asthenospheric transport toward spreading ridges). If melting anomalies of the Hawaiian type indeed begin below central regions of the Pacific plate, there must be some heterogeneity of compositions, melting temperatures, or stresses of lithosphere-mantle coupling that initiate surface volcanism. It is pointed out by Lachenbruch [1973b] that stresses in the lithosphere and asthenosphere will be influenced significantly by asthenosphere melting. In our view, there are always significant and timedependent variations of such coupling stresses from place to place over the Pacific, even though plate motion is on the whole fairly steady. The uncertainties of mechanical properties of solid state assemblages versus their melting temperatures make it dimcult to say whether volcanism would begin at a position of anomalously high stress, or because the secular accumulation of a melt fraction would happen to satisfy the mechanical criteria of extensional failure. We note, as pointed out by Secor [1965] , that the difference •etween the greatest and the least principal stresses must be fairly small, or failure would occur in a shear mode rather than by extensional injection of a fluid phase. Therefore, as was given in the introductory outline of events, we think that anomalous stress effects of the type proposed by Lachenbruch [1973b] One of the main appeals of the plume hypothesis has been that, by definition, plume sites were fixed with respect to the lower mantle and thus could furnish a fixed reference system of plate motions. However, considerable evidence for the gradual drift of melting anomalies has recently been generated. The gravitational anchor, although relatively fixed by inertial forces, is controlled by an episodic process and may be expected to drift somewhat with time.
We wish to emphasize that we consider downwelling to be applicable to the origin of linear Waldbaum [1971] has predicted very large increases of temperature in the mantle due to this effect, but it appears that he overestimated the heating, because in his equation he used ture-dependent viscosities and effects of viscous changes of total pressure rather than changes dissipation on surface heat flux. Although we of fluid potential to compute temperatures. concur with their general approach, we think However, the results apply as stated for flow that the discussion of pressure gradients and across a throttling point at a fixed level in the topography is misleading. Figure 4 shows change across a fixed position would correspond necessarily corresponds to the pressure gradient to a topographic depression of about 3 km driving the flow. In a more complete model this ahead of the throttling point. This number might be true--for example, if the flow were remains uncertain, however, because the insta-driven by buoyancy forces generated in. the bility does not strictly resemble a simple asthenosphere below the descending slab. In throttle, and there are other effects of heat this case, flow is driven by the total change in storage to take into account. hydraulic head from the deep source to the 2. Topographic e#ect of a sinking mass. A center of spreading (the point of discharge), pressure gradient as discussed above is also and the reversed topographic gradient between implied by the effect of a sinking mass. Morgan the ridge and trench has no effect on the flow [1965] showed that the depression of the sur-of lithosphere (as with a siphon). face above a sinking sphere can be expressed as
The one-dimensional model views the asthea combination of terms involving the pressure nosphere in a manner similar to that of a deand velocity. Figures 3, 4] .
